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1. Abstract 
 In the present study, a commercial 18650 Li-ion cylindrical cell is investigated with non-
destructive 3D X-ray microscopy across a range of length scales, beginning with a survey of the 
entire cell and non-destructively enlarging a smaller section. Active materials are extracted from 
a disassembled cell and imaging performed using a combination of sub-micron X-ray 
microscopy and 2D scanning-electron microscopy, which point toward the need for multi-scale 
analysis in order to accurately characterize the cell. Furthermore, a small section is physically 
isolated for 3D nano-scale X-ray microscopy, which provides a measurement of porosity and 
enables the effective diffusivity and 3-dimensional tortuosities to be calculated via computer 
simulation. Finally, the 3D X-ray microscopy data is loaded into a correlative microscopy 
environment, where a representative sub-surface region is identified and, subsequently, analyzed 
using electron microscopy and energy-dispersive X-ray spectroscopy. The results of this study 
elucidate the microstructural characteristics and potential degradation mechanisms of a 
commercial NCA battery and, further, establish a technique for extracting the Bruggeman 
exponent for a real-world microstructure using correlative microscopy. 
2. Introduction 
There is considerable and growing research interest in Li-ion batteries driven largely by 
an increase in dependence on energy storage solutions, for applications ranging from mobile 
electronics to stationary power supplies and electric vehicles [1-3]. In the coming years, 
increasingly demanding applications from mW to MW, will require advanced Li-ion batteries to 
operate under extremes of temperature, rate, and pressure. Li-ion batteries are expected to deliver 
high performance, over long lifetimes, at a reduced cost as compared to existing solutions. With 
growing dependence on Li-ion technologies, in particular due to the growing popularity of 
hybrid- and fully-electric vehicles [2], it is of paramount importance to understand how batteries 
*Manuscript text (with figures and captions embedded) - clean
Click here to view linked References
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
perform, age, and degrade under real-world conditions [4,5]. Recent high profile failures have 
emphasized the need to better understand these processes [6-8]. 
 
There are a range of Li-ion battery architectures commercially available, such as pouch, 
prismatic, and spiral wound cells; by far the most common geometry is the 18650 cell, which has 
found diverse applications from consumer electronics [9] to aerospace equipment [10] and 
automotive power trains [11]. While the chemistry within these cells may vary, there are 
common components across most available commercial cells: the functional cell comprises two 
porous electrodes, electrically isolated by a porous separator material, the three layers are spiral 
wound into the 18650 casing, and various safety components including positive temperature 
coefficient (PTC) devices, pressure relief valves, and current interrupt devices are connected and 
crimped into the casing [9]. 
 
In recent years, there has been growing interest in the relationship between the complex 
and often heterogeneous microstructure of the porous electrodes and the electrochemical 
performance of the device. It is hypothesized that microscopic heterogeneities and defects [12] 
within these materials may act as nucleation points for macroscopic failures and, consequently, 
there is a need to understand these material microstructures in greater detail [13]. For example, 
the expansion and contraction of active electrode materials can cause SEI and particle fracture on 
the micro scale [14,15], whereas the same chemo-mechanical forces can result in severe 
delamination and electrical isolation of the bulk electrode [5,16]. The authors and others have led 
work over the past 5 years in the application of X-ray tomography to explore these materials both 
ex-situ [14,17-21] and in-situ [14,15,22,23]. Additional work using tomography and radiography 
to characterize cell architecture during failure [22] and post mortem [24,25] as well as to 
understand the role of safety features [26-28] help to build a comprehensive understanding of the 
role of each component in driving device degradation and failure. This work is complemented by 
extensive investigations using SEM [29,30]and FIB-SEM [31], TEM [32], XRD [33], and AFM 
[34], as well as multi-scale investigations that demonstrate the need for the integration of various 
imaging instruments to characterize batteries [35,36]. 
 
Collectively, these studies highlight the importance of understanding the multi-scale 
nature of Li-ion batteries from the pack to the particle levels [25,36]; it is essential that 
researchers identify appropriate length scale(s) for understanding key mechanisms that affect the 
performance and reliability of cells [36]. Macro-scale features, such as assembly issues, may 
affect the mechanical and chemical stability, while micro-scale features, such as particle 
assembly and porosity/tortuosity may affect the overall capacity and operational properties. 
Furthermore, nano-scale features, such as SEI growth, dendrite formation, and intraparticle 
cracks may affect the long-term safety and reliability of a battery, but must be understood in the 
context of other features [37]. There are many aspects of the battery’s microstructure that may 
dictate its performance, but it is important to simultaneously consider features ranging from the 
macro- to the micro- and nano-scales [35,36].  
 
This multi-scale challenge can be effectively addressed by correlative lab-based imaging 
instrumentation, using optical, electron and ion beam microscopy and 3D micro- and nano-XRM 
[25]. Using this correlative imaging approach, each modality is used for its unique strength: for 
example, the tunable magnification of SEM in 2D and switchable energy dispersive X-ray 
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spectrometry for chemical analysis, along with the non-destructive 3D and 4D imaging 
capabilities of XRM [38,39].  
 
Recent progress in 3D imaging techniques have indicated deviations between theoretical 
models and actual formations in battery microstructures and, in so doing, have grown in 
popularity. Historically, microstructure investigations have hinged on stereological techniques, 
but the results are often inconclusive [40]. Recent 3D imaging studies have illustrated the 
anisotropic, non-ideal nature of a “typical” Li-ion battery electrode microstructure, which has 
demonstrated that models based purely on single 2D images may not be sufficient to accurately 
describe the transport properties of electrode materials [41]. Using 2D stereological approaches 
alone may, thus, lead to inaccurate representations of the microstructures leading to ultimate 
errors in characterization; these issues can be mitigated by employing 3D imaging approaches, 
such as XRM and FIB-SEM [40].  
 
The present study demonstrates, for the first time, the application of both XRM and SEM 
to probe a single commercial 18650 Li-ion battery across multiple length scales, starting with the 
full cell and moving all the way down to examining sub-particle features. X-ray techniques 
afford the unique capability for non-destructive imaging, allowing the same sample to be imaged 
multiple times under different conditions. Using this advantage, the present study thus paves the 
way for future investigations in which 18650 batteries may be studied before, during, and after 
aging cycles, in a so-called “4D” imaging experiment. This information forms a foundation for 
several such future imaging studies and illustrates the unique abilities of modern microscopy 
techniques to aid in the advancement of Li-ion battery research and development. 
3. Materials and Methods 
3.1. Materials Preparation 
Commercially sourced Panasonic NCR 18650-B cylindrical cells were used for the 
present study. These high energy density cells contain a nickel-cobalt-aluminum oxide (NCA) 
positive electrode and have demonstrated applications for mobile electronics and electric 
vehicles [42].  
 
3.2. X-Ray Microscopy 
X-ray microscopy (XRM) was used to non-destructively collect 3D volumetric data on 
the specimens and survey them before any dismantling. XRM, discussed extensively elsewhere 
[35,38,43-45], uses the X-ray computed tomography (CT) approach to collect 3D images of 
specimen interiors by collecting a series of projection X-ray radiographs at various viewing 
angles (achieved by rotating the specimen and exposing it to the X-ray beam). The resulting 
projection images were subsequently reconstructed using a Feldcamp-Davis-Kress (FDK) or 
filtered back projection (FBP) algorithm (the former for micron- to sub-micron imaging, and the 
latter for nano-scale imaging) [46], and the 3D datasets produced by this process were rendered 
and analyzed for porosity using ORS Visual Si Advanced (Object Research Systems, Montreal, 
QB, Canada) [38,44]. Further simulation studies were performed using GeoDict (Math2Market, 
Gmbh, Kaiserslautern, Germany) [47], which computed effective diffusivity [48,49], tortuosity 
[50], and, by means of morphological manipulation, a Bruggeman coefficient for the specimen 
under study.  
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Initial investigations were performed using a ZEISS Xradia 520 Versa X-ray microscope 
(Carl Zeiss X-ray Microscopy, Pleasanton, CA, USA), equipped with a 0.4× objective lens to 
provide a 3D isotropic voxel size of 22 µm across the entire imaging volume. This allowed the 
entire width of the 18650 cylindrical cell to be captured in a single field of view in ca. 1 hour, 
after which further imaging was performed along the vertical axis to cover the entire length of 
the cylindrical cell. The resulting five datasets were then stitched together using the automated 
stitching routine in the commercial XRM software, producing a 3D volume covering the 18650 
cell in its entirety. The 520 Versa submicron XRM system provides the capability to non-
destructively (i.e., without sectioning) isolate smaller regions of interest for higher-resolution 
analysis, due to a unique optics-based design [38]. This “Scout & Zoom” technique [38,43,51] 
was thus employed on the larger volume to non-destructively probe the inner structure of the 
battery, using a 4× objective lens magnification for a voxel size of 1.8 µm. 
 
3.3. Correlative Microscopy: Nano-XRM to SEM-EDS 
For further, higher resolution imaging, the specimens were dismantled and unrolled in an 
argon glove box, to verify the 3D imaging results and prepare isolated specimens for higher 
resolution analysis. The battery was discharged over a 5 Ω resistance for 2 days until the voltage 
read 0 V. A pipe cutter was used to open the steel casing and the interior spiral wound layers 
were carefully removed. After carefully unrolling the electrode layers, the negative electrode, 
positive electrode, and separator were isolated from each other, washed with dimethyl carbonate 
(DMC) to remove any residual electrolyte or Li salts, and then left to dry for several days [42].  
 
Subsequent imaging of the individual layers was carried out using several techniques, 
including submicron scale XRM, scanning electron microscopy (SEM), nanoscale XRM, 
focused-ion beam scanning electron microscopy (FIB-SEM), and energy dispersive spectroscopy 
(EDS). A 1 mm u 1 mm section was cut from the positive electrode foil using a razor blade, to 
prepare the specimen for correlative XRM-SEM imaging. The ZEISS Xradia 520 Versa XRM 
was used to image the electrode coupon with a 20× objective, providing a voxel size of 350 nm. 
The specimen was then transferred to the Zeiss Sigma FE-SEM, where magnification ranges 
from 100× to over 10k× where sequentially employed in order to probe the multi-scale nature of 
the microstructure. As a result of this analysis, the electrode samples were prepared for nano-
scale 3D imaging by trimming them to a point (using a fresh surgical razor blade) and peeling 
away the current collector from the region of interest in order to maximize X-ray throughput. 
Real-time optical inspection was used for this procedure, during which no large-scale defects 
were observed, thus it was concluded that the separation process did not affect the microstructure 
of the intended region of interest. A ZEISS Xradia 810 Ultra was then used to provide 3D images 
with 130 nm voxel resolution on the specimens, using a 5.4 keV quasi-monochromatic imaging 
system operating in absorption contrast mode [52]. Finally, the specimens were passed into the 
ZEISS Auriga FIB-SEM system outfitted with an Oxford Instruments X-MaxN 150 EDS 
spectrometer. Using the ZEISS Atlas 5 correlative software interface, a representative region of 
interest (ROI) was identified from the submicron XRM data and the FIB instructed to cross-
section at this location. High-resolution 2D SEM micrographs were collected in the identified 
ROI to visualize the nanoscale structure, and correlative EDS maps were collected with peaks fit 
around the Ni, Co, Al, and O edges to elucidate the specimen composition within a single 
secondary particle.  
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The present study utilized a variety of imaging techniques in order to complete the multi-
scale analysis. Table 1 summarizes the various imaging instruments applied to this study, 
including submicron XRM, nanoscale XRM, FE-SEM, and FIB-SEM, along with the 
corresponding voxel sizes for the 3D XRM measurements. 
 
Table 1. Listing of the various imaging techniques used in this study and the corresponding voxel size (3D XRM), pixel size (FIB-
SEM), or magnification (FE-SEM), as appropriate. 
Technique Voxel Size / Pixel Size / 
Magnification 
Submicron XRM – 520 Versa 22 µm 
Submicron XRM – 520 Versa 1.8 µm 
Submicron XRM – 520 Versa 0.35 µm 
FE-SEM – Sigma 100× - 10,000× 
Nanoscale XRM – 810 Ultra 0.13 µm 
FIB-SEM – Auriga 0.01 nm 
 
4. Results & Discussion 
The initial large-scale survey of the intact 18650 enabled an initial non-destructive 
inspection of the specimen to identify any large-scale features. Figure 1a shows the segmented 
3D reconstruction, in which the inner layers of the electrode assembly can be seen clearly against 
the steel casing, central mandrel, and crimp components. Using the non-destructive Scout & 
Zoom procedure of the submicron XRM instrument [38,43,51], a smaller region from the center 
was arbitrarily selected for higher resolution imaging. Adjusting the objective lenses to provide a 
voxel size of 1.8 µm, this higher resolution inspection enabled a more detailed view of the active 
layers within the packaged 18650 cell, the results of which are shown in Figures 1b and 1c.  
 
The initial surveys with low-resolution XRM showed the general structure of the battery, 
enabling an initial observation of the cell assembly to be made. Different layers of the spiral 
wound cell were clearly distinguished from each other, helpful for general orientation in the 
higher-resolution investigation. This low-resolution approach is helpful for large-scale 
investigations, such as searching for bulk defects or inspecting the complex assembly within the 
top cap, but in the present study no such defects were located. Nevertheless, in the present study 
the large-volume overview allowed a completely non-destructive view into the battery’s interior, 
which helped to establish a baseline as to whether or not there were obvious defects in the 
battery as manufactured.  
 
By continuing to higher resolution with non-destructive XRM, it was demonstrated that 
single-micron resolution may be achieved inside the battery casing. At this scale, the difference 
between electrode layers, such as active materials and current collecting foils, was achieved, and 
any smaller-scale defects may be observed. This has the important distinction of being 
completely non-invasive and may be performed without opening the housing of the battery. 
Thus, at this length scale, it may be possible to study the origin of microstructure defects as a 
function of charge cycling, thermal treatment, or other real-world conditions potentially leading 
to failure / capacity fade [19].  
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Figure 1. (a) A 3D image of the entire 18650 battery cell was collected over several fields of view, which were subsequently 
stitched together to produce this dataset. This X-ray micrograph reveals the spiral would cell architecture, inner mandrel, and 
cell safety devices. (b) Optically enlarging a smaller region from the center of the 18650 battery cell revealed finer details of the 
layers in the spiral winding, and examining the virtual slices allowed identification and inspection of the different layers. (c) The 
virtual slices were assembled into a 3D volume, rendered here for the purposes of visualization. The yellow layers represent the 
positive electrode and the magenta layers represent the negative electrode, each with their respective current collectors 
sandwiched between electrode layers. In these scans, it was not possible to distinguish the separator (presumed polymer) from 
negative electrode (presumed graphite), due to low-energy X-ray attenuation by the steel casing and metallic foils. 
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While XRM as an imaging technique is, by nature, non-destructive, the imaging results 
may be affected by artifacts introduced by specimens that are significantly larger (>10×) than the 
microscope’s field of view. In order to circumvent this issue, while also preparing specimens that 
were suitable for nano-scale XRM and FIB-SEM, the battery was opened, unrolled, and dried, to 
enable extraction of a much smaller specimen (ca. 1 mm × 1 mm). The positive electrode layer 
specimen was imaged in 3D using a voxel size of 350 nm on the submicron-scale XRM, 
sampling a large volume of material while preserving a voxel size small enough to capture the 
structural features within the layers. Results from this scan are shown in Figure 2a, where the 
particle assembly and bulk porosity were clearly observed. This result also showed several 
cracks and bulk defects, which were suspected to be introduced during the dismantling/unrolling. 
By applying a threshold-based segmentation to this dataset, the pore networks were virtually 
extracted and analyzed on a slice-by-slice basis. Figure 2b shows the results of the slice-by-slice 
porosity analysis. Several oscillations were observed in the slice-wise analysis, which are 
believed to indicate the packing order of the particles, suggesting quasi-spherical particles of 
reasonably uniform size. These results indicated that the average porosity was ~9% for each 
layer of active material, which was lower than expectations for a percolating pore system – this 
was believed to point toward the need for higher resolution for accurate analysis, which was 
performed in subsequent experiments.  
 
 
Figure 2. (a) 3D volume rendering of the positive electrode layer, showing the particles, pores, and cracks/defects throughout the 
specimen thickness. b) Areal porosity computed for each virtual slice through the 3D volume, separated by the outer side (A) and 
inner side (B) of the rolled structure. Note that the slicewise analysis captured some regions near the current collector interface 
where nonuniformities in the current collector foil surface produced combined partial counts of current collector and electrode 
porosity. These are simply artifacts of the data analysis and can be seen as a multi-micron thick region of porosity gradient at 
each electrode-current collector interface. 
 
To check the specimen morphology with multi-scale resolution, SEM micrographs of the 
positive electrode specimen were collected at various magnifications through the submicron- and 
nano scales. Figure 3a shows a correlative XRM micrograph, while Figure 3b shows the results 
of increasing magnification on the SEM. The higher magnification micrographs revealed a fine 
structure to both the particles and pores, with particles ca. 5 µm in size and pores in the hundreds 
of nanometers. This suggested that higher XRM resolution was needed to accurately characterize 
the electrode specimen, which was subsequently performed using a nanoscale XRM.  
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 From the SEM micrographs, the multi-length scale nature of the specimen was clearly 
observed (as a 2D analog to prior studies, e.g. [36]). At low magnifications, the bulk particle 
assembly was visible, helpful for identifying “pristine” regions versus regions that showed 
defects. As the magnification was increased, the individual particles became clearer, as did the 
cracks between particles and pores visible along the surface of the material. Moving to the 
highest magnification on the SEM showed the bound primary particles making up the active 
particles, as well as the spacing between the primary particles.  
 
 
Figure 3. (a) X-ray micrograph to be used in the correlative microscopy workflow. (b) Increasing SEM magnification reveals a 
fine structure of the positive electrode material, which points toward the need for higher resolution for an accurate multi-scale 
3D characterization. At the length scale of submicron XRM, the particles and pores could be distinguished, but the complex 
microstructure of the particles themselves clearly requires nano-scale imaging. 
To probe the fine structure of the particles and pores, the sample was imaged in 3D using 
the higher resolution provided by the nanoscale XRM. The smaller voxel size of 130 nm allowed 
for pore-scale resolution to be achieved, additionally showing cracks within the single particles, 
as shown in Figure 4a. Some cracks were isolated within single particles and disconnected from 
the main pore network, while others were found to be connected to a percolation pathway. While 
the former likely represent fabrication defects within the particles, the latter produce longer 
electrochemically active surface areas and may represent sites where failures could ultimately 
nucleate [41]. By applying a segmentation to this dataset, the percolating pore pathways could be 
digitally separated from the isolated voids, as shown in Figure 4b, yielding a measurement of 
14.4% total porosity and 13.9% connected porosity. This represented a substantial increase in the 
porosity measurements by moving from submicron to nanoscale imaging resolution, which 
confirmed the need for nano-scale imaging in the 3D microstructure analysis. At this scale, 
however, still the aggregations of primary particles forming the active electrode clusters cannot 
be clearly distinguished; in order to achieve the spatial resolution needed for this 
characterization, a correlative microscopy technique bridging from XRM to SEM should be 
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employed.  
 
Figure 4. (a) Nano-scale XRM performed on the positive electrode layer show (b) some isolated voids within the particles, as 
well as cracks within the particles connecting to the pore network. (c) Pore size distribution performed on the nanoscale XRM 
results, confirming the nanoscale nature of much of the porosity. The pore sizes are reported based on the method of inscribing 
ellipsoids to a separated version of the segmented pore network, with larger connected networks split at the constriction points 
(pore throats).   
The nano-scale 3D XRM results were loaded into the GeoDICT software for further 
analysis using a variety of simulation routines. First, the percolating pore pathway was measured, 
illustrating a typical transport pathway within the pore network identified from this dataset. The 
pores were then analyzed for their 3D diameter distribution, as shown in Figure 4c. From this 
result, it was clear that many pores within this specimen existed in the nanoscale regime, further 
supporting the application of multi-scale analysis ranging into the nanoscale for these material 
systems.  
 
Next, a diffusion simulation [47-49] was performed in order to extract the effective 
diffusivity tensor and tortuosity in each of the three spatial dimensions, numerically describing 
the transport through the pore network. The solver was set up to simulate Laplacian diffusion 
(Kn << 1) on the pore network with periodic boundary conditions, constrained to impose a 
concentration of 1 mol/m3 at the inlet and 0 mol/m3 at the outlet. The results yielded a 3D 
rendering of the concentration gradient, as shown in Figure 5, as well as a numerical effective 
diffusivity tensor, as presented in Table 2. These results were then arithmetically converted to 
tortuosity in each direction using the simulation software, the results of which are shown in 
Table 3. 
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Figure 5. Concentration gradients shown in 3D based on effective diffusivity simulations within the pore network. The 
diffusivities are shown as performed in the (a) X-, (b) Y-, and (c) Z-directions. 
Table 2. Effective diffusivity for the nano-scale XRM volume, based on numerical simulation. 
 X Y Z 
X 2.47 0.09 -0.06 
Y 0.09 2.55 0.03 
Z -0.06 0.03 2.30 
 
Table 3. Directional tortuosities from the effective diffusivity simulation. 
Tortuosity (X) 2.38 
Tortuosity (Y) 2.34 
Tortuosity (Z) 2.46 
 
Following the image analysis, the behavior of the pore network with Li+ intercalation was 
explored based on simulated changes to the active particles. In its operating conditions (i.e., 
charging & discharging), the active particles expand as Li+ intercalate and contract as the ions 
diffuse back out of the particles. This expansion process may be simulated in virtual space by use 
of a morphological dilation operation, which causes a 3D expansion of a virtual material by a 
specified number of voxels in all three dimensions. Using the binarized, segmented dataset to 
seed a model of the particle assembly, a dilation operation with kernel size of 1 voxel (130 nm) 
was applied in a sequential manner. The particle dilation caused a corresponding reduction in the 
pore volume, and the effective diffusivity / tortuosity was calculated after each dilation step. This 
resulted in a change in 3D concentration gradient, as illustrated in Figure 6. As observed in the 
nano-XRM data (e.g., Figure 4a), the particle sizes for the NCA material range from ca. 5-15 
µm; thus, a single-voxel dilation of 130 nm corresponds to a particle expansion on the order of 
~1%. This is in agreement with previously-reported lattice expansions of ~1% in a typical 
discharge cycle of an NCA-based Li-ion 18650 battery [53]. Thus, it was concluded that single-
voxel dilations were a reasonable approach for simulating the microstructure’s response to a 
discharge process.  
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Figure 6. Sequential particle dilation and corresponding change in 3D concentration gradient due to the change in effective 
diffusivity. (a) Initial data; (b) after 1 voxel dilation (130 nm); (c) after 2 voxels dilation (260 nm); (d) after 3 voxels dilation (390 
nm). The Z direction only is shown here for the purposes of illustration. 
Examining the decrease in porosity and relating the new porosity to the new tortuosity 
after each step permitted examination of the relationship between the two quantities for this 
specimen. By performing this analysis in all three directions, a tortuosity vs. porosity plot was 
ascertained, as shown in Figure 7. This was accomplished by fitting the data to the well-
established power law relationship: 
      
where W is the tortuosity, H the porosity, and E the Bruggeman exponent [54,55]. While the value 
of E is commonly-assumed to be 0.5, recently this relationship has come under scrutiny due to 
the various limitations inherent in its definition [15,56,57]. An assumption of 0.5 as the value for 
E introduces additional assumptions about the homogeneity of microstructure, when, in practice, 
the microstructure of a typical battery electrode is highly inhomogeneous [41,57]. Thus, it is 
perhaps unsurprising that the fitted values for the Bruggeman exponent in each of the three 
spatial directions (X, Y, and Z) deviates from 0.5, as summarized numerically in Table 4.  
 
It should be noted that, in a real-world battery, the particles would expand and potentially 
introduce internal stresses that could cause the particles to migrate away from each other. In the 
model presented here, the simulation does not account for particle motion and simply “fuses” 
particles together when the dilation introduces overlap. Thus, this approach represents a 
simplistic view into the microstructure evolution processes and is intended to introduce the 
concept of geometrical simulations on 3D data. There is ample room to make the simulation 
approach more sophisticated to account for the real-world effects that occur during discharge, but 
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a full treatment of such processes is beyond the scope of the present investigation and, instead, 
reserved for future work.  
 
 
Figure 7. Relationship of tortuosity to total porosity for the X, Y, and Z directions of simulated diffusion. 
Table 4. Bruggeman exponent quantified for the positive electrode extracted from the 18650 and imaged with nanoscale XRM. 
Direction Bruggeman Exponent 
X 0.81 
Y 0.90 
Z 0.78 
 
 While the SEM data illustrated the multi-scale nature of the material, the studies were 
intrinsically limited to 2D information, which prevented any studies of 3D porosity without the 
use of destructive serial-sectioning. The use of nano-scale XRM addressed that issue by non-
destructively revealing the inter-particle pore network, as well as sub-particle defects (e.g. voids 
that were not connected to the outside). Separating the connected and disconnected pores 
allowed the extraction of an ionic transport pathway, which was essential for performing a 
diffusion simulation along the pore pathways to obtain the 3D tortuosity values [41]. Examining 
the effective diffusivity results, the off-diagonal tensor elements were insignificant compared to 
the diagonals, which indicates a negligible interaction between the directions of tortuosity. Thus, 
it was concluded that the transport pathway was spatially isotropic. This is more clearly shown 
by the tortuosity numbers, which exhibited minimal variations between the x-, y-, and z 
directions. The isotropy of tortuosity further suggested the quasi-spherical nature of the electrode 
particles [55], yielding additional information about the manufacturing and corresponding 
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function of the cell. The deviation of the calculated Bruggeman exponent from the assumed 
value of 0.5 indicate a polydispersity in the particle size distribution [56] and a value of ~0.8 is 
within the range of what may be expected from a commercial battery material when the 
complexity of tortuosity is considered [58].  
 
In order to extend these investigations to an even finer length scale, the specimen was 
placed into a ZEISS Auriga FIB-SEM, which allows targeted regions of interest to be examined 
through focused ion beam cross-sectioning and SEM imaging of the region of interest. The XRM 
data was imported into the correlative microscopy workspace of Atlas 5 (Fibics, Inc., Ottawa, 
ON, Canada) and overlaid on an SEM micrograph of the top surface. Using a manually-assisted 
image registration routine, the datasets were aligned to each other to co-register the X-ray and 
electron microscopy images. A representative region of interest was visually identified within the 
XRM volume, which appeared to accurately depict the general specimen microstructure. This 
region of interest was selected below the surface of the specimen to reduce the influence of any 
surface cracks and was chosen to contained a particle-particle boundary as well as substantial 
greyscale texturing. This region was cross-sectioned with the FIB and imaged with the SEM, the 
results are shown in Figure 8. Using an Oxford Instruments XMaxN-150 energy dispersive X-ray 
spectrometer (EDS), the local chemistry was mapped and fit to a composition of Ni-Co-Al-O, 
which was correlated to the SEM micrograph in Figure 8.  
 
 
Figure 8. (left) SEM micrograph of the targeted region of interest, identified via correlative microscopy with XRM. The results 
show several microstructural features, such as cracks, voids, and a particle boundary. (Right) Corresponding EDS map for this 
region, revealing the spatial distribution of the Ni, Co, Al, and O elements (and their corresponding weight percentages).  
Extending the SEM-XRM investigations to the ~10 nm length scale with targeted 
(correlative) FIB cross-sectioning demonstrated a novel approach to microstructure evaluation. 
While the XRM results provided sufficient resolution to identify many of the pores, from this 
correlative study it was clear that there was an additional length scale of information that could 
not be captured by XRM alone. By mapping out the local chemistry, it was observed that the 
particle under observation contained a typical NCA composition in a uniform blend, which 
allows the single particles to be treated as uniform compounds in future simulations (e.g., 
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electrical, ionic, and thermal conductivity). The correlative approach using the Atlas 5 interface 
was critical for making this successful, as it required the XRM data for FIB guidance and 
navigation to a representative region of interest. Furthermore, this allows the SEM and EDS data 
to be easily populated back into the XRM data, for a more robust, integrated multi-scale 
representation of the specimen microstructure. The results of all techniques, when put together 
into a multi-scale, correlative analysis procedure as in the present study, are summarized in Table 
5. 
 
Table 5. Summary of relevant data produced by each technique in the multi-scale correlative study. 
Technique Length Scale Data Output 
Submicron XRM – 520 Versa 10s-100s µm x Defect mapping 
x ROI identification 
Submicron XRM – 520 Versa 1-10 µm x Layer identification 
x Defect isolation 
Submicron XRM – 520 Versa 0.7 µm x Bulk porosity 
x Particle-scale 
information 
FE-SEM – Sigma 10 nm – 10 µm x Multi-scale 2D analysis 
of large areas 
Nanoscale XRM – 810 Ultra 150 nm – 10s µm x Porosity 
x Pore size distribution 
x Tortuosity / effective 
diffusivity 
FIB-SEM-EDS – Auriga 10 nm x High-resolution 2D/3D 
analysis 
x Targeted chemical 
analysis 
 
Further work combining XRM, SEM, and FIB-SEM-EDS results with other techniques, 
such as electrochemical impedance spectroscopy (EIS) and thermal imaging, is thus within the 
realm of possibility. Combining imaging and simulation results with those from analytical 
approaches could help explain, for example, the exact cause of capacity fade, the reactions of 
cells to extreme (e.g., high temperature) environments, and, more generally, the origins of 
failure. Furthermore, using the non-destructive nature of X-ray imaging, future studies may focus 
on the evolution of Li-ion battery microstructures at the relevant length scale(s) of interest, 
probing, for example, the response of the structures to aging, impact, or thermal treatment. 
5. Conclusion 
 A commercial 18650 Li-ion battery has been examined across several length scales, in 
both 2D and 3D, utilizing scanning-electron and X-ray microscopy, coupled with focused ion 
beam milling and energy dispersive X-ray spectroscopy. The battery was initially surveyed with 
low spatial resolution in 3D, which revealed the bulk assembly and allowed for the identification 
of any large-scale defects. A non-destructive optical magnification was then employed with the 
XRM system, showing the finer details within the active layers. Depackaging and imaging the 
battery with both 2D SEM and 3D XRM showed features across the micron- to nanometer 
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scales, which was applied to both the positive electrode and negative electrode layers 
individually. Small sections of both the positive electrode and negative electrode were extracted 
for nano-scale XRM, revealing the fine nature of the pores and a separation between connected 
(transport) and disconnected (isolated) porosity. Through image segmentation and model 
generation, a simulation approach was used to compute the effective diffusion coefficient and 
tortuosity in each direction. Correlative microscopy from XRM to FIB-SEM-EDS revealed the 
nano-scale structure as well as the local composition of the electrode.  
 
The results of this study highlight the different types of information achievable at each 
length scale and correlative microscopy is demonstrated as a viable means to present a detailed 
description of the chemistry and structure cell materials from the nm to mm. Using a 
combination of imaging modalities in both 2D and 3D paired with modeling and simulation 
approaches enables unique insight into battery cell geometry and electrode structure, providing a 
novel characterization framework for commercial battery products. 
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1. Abstract 
 In the present study, a commercial 18650 Li-ion cylindrical cell is investigated with non-
destructive 3D X-ray microscopy across a range of length scales, beginning with a survey of the 
entire cell and non-destructively enlarging a smaller section. Active materials are extracted from 
a disassembled cell and imaging performed using a combination of sub-micron X-ray 
microscopy and 2D scanning-electron microscopy, which point toward the need for multi-scale 
analysis in order to accurately characterize the cell. Furthermore, a small section is physically 
isolated for 3D nano-scale X-ray microscopy, which provides a measurement of porosity and 
enables the effective diffusivity and 3-dimensional tortuosities to be calculated via computer 
simulation. Finally, the 3D X-ray microscopy data is loaded into a correlative microscopy 
environment, where a representative sub-surface region is identified and, subsequently, analyzed 
using electron microscopy and energy-dispersive X-ray spectroscopy. The results of this study 
elucidate the microstructural characteristics and potential degradation mechanisms of a 
commercial NCA battery and, further, establish a technique for extracting the Bruggeman 
exponent for a real-world microstructure using correlative microscopy. 
2. Introduction 
There is considerable and growing research interest in Li-ion batteries driven largely by 
an increase in dependence on energy storage solutions, for applications ranging from mobile 
electronics to stationary power supplies and electric vehicles [1-3]. In the coming years, 
increasingly demanding applications from mW to MW, will require advanced Li-ion batteries to 
operate under extremes of temperature, rate, and pressure. Li-ion batteries are expected to deliver 
high performance, over long lifetimes, at a reduced cost as compared to existing solutions. With 
growing dependence on Li-ion technologies, in particular due to the growing popularity of 
hybrid- and fully-electric vehicles [2], it is of paramount importance to understand how batteries 
*Manuscript text - track changes ON to highlight revisions
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perform, age, and degrade under real-world conditions [4,5]. Recent high profile failures have 
emphasized the need to better understand these processes [6-8]. 
 
There are a range of Li-ion battery architectures commercially available, such as pouch, 
prismatic, and spiral wound cells; by far the most common geometry is the 18650 cell, which has 
found diverse applications from consumer electronics [9] to aerospace equipment [10] and 
automotive power trains [11]. While the chemistry within these cells may vary, there are 
common components across most available commercial cells: the functional cell comprises two 
porous electrodes, electrically isolated by a porous separator material, the three layers are spiral 
wound into the 18650 casing, and various safety components including positive temperature 
coefficient (PTC) devices, pressure relief valves, and current interrupt devices are connected and 
crimped into the casing [9]. 
 
In recent years, there has been growing interest in the relationship between the complex 
and often heterogeneous microstructure of the porous electrodes and the electrochemical 
performance of the device. It is hypothesized that microscopic heterogeneities and defects [12] 
within these materials may act as nucleation points for macroscopic failures and, consequently, 
there is a need to understand these material microstructures in greater detail [13]. For example, 
the expansion and contraction of active electrode materials can cause SEI and particle fracture on 
the micro scale [14,15], whereas the same chemo-mechanical forces can result in severe 
delamination and electrical isolation of the bulk electrode [5,16]. The authors and others have led 
work over the past 5 years in the application of X-ray tomography to explore these materials both 
ex-situ [14,17-21] and in-situ [14,15,22,23]. Additional work using tomography and radiography 
to characterize cell architecture during failure [22] and post mortem [24,25] as well as to 
understand the role of safety features [26-28] help to build a comprehensive understanding of the 
role of each component in driving device degradation and failure. This work is complemented by 
extensive investigations using SEM [29,30]and FIB-SEM [31], TEM [32], XRD [33], and AFM 
[34], as well as multi-scale investigations that demonstrate the need for the integration of various 
imaging instruments to characterize batteries [35,36]. 
 
Collectively, these studies highlight the importance of understanding the multi-scale 
nature of Li-ion batteries from the pack to the particle levels [25,36]; it is essential that 
researchers identify appropriate length scale(s) for understanding key mechanisms that affect the 
performance and reliability of cells [36]. Macro-scale features, such as assembly issues, may 
affect the mechanical and chemical stability, while micro-scale features, such as particle 
assembly and porosity/tortuosity may affect the overall capacity and operational properties. 
Furthermore, nano-scale features, such as SEI growth, dendrite formation, and intraparticle 
cracks may affect the long-term safety and reliability of a battery, but must be understood in the 
context of other features [37]. There are many aspects of the battery’s microstructure that may 
dictate its performance, but it is important to simultaneously consider features ranging from the 
macro- to the micro- and nano-scales [35,36].  
 
This multi-scale challenge can be effectively addressed by correlative lab-based imaging 
instrumentation, using optical, electron and ion beam microscopy and 3D micro- and nano-XRM 
[25]. Using this correlative imaging approach, each modality is used for its unique strength: for 
example, the tunable magnification of SEM in 2D and switchable energy dispersive X-ray 
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spectrometry for chemical analysis, along with the non-destructive 3D and 4D imaging 
capabilities of XRM [38,39].  
 
Recent progress in 3D imaging techniques have indicated deviations between theoretical 
models and actual formations in battery microstructures and, in so doing, have grown in 
popularity. Historically, microstructure investigations have hinged on stereological techniques, 
but the results are often inconclusive [40]. Recent 3D imaging studies have illustrated the 
anisotropic, non-ideal nature of a “typical” Li-ion battery electrode microstructure, which has 
demonstrated that models based purely on single 2D images may not be sufficient to accurately 
describe the transport properties of electrode materials [41]. Using 2D stereological approaches 
alone may, thus, lead to inaccurate representations of the microstructures leading to ultimate 
errors in characterization; these issues can be mitigated by employing 3D imaging approaches, 
such as XRM and FIB-SEM [40].  
 
The present study demonstrates, for the first time, the application of both XRM and SEM 
to probe a single commercial 18650 Li-ion battery across multiple length scales, starting with the 
full cell and moving all the way down to examining sub-particle features. X-ray techniques 
afford the unique capability for non-destructive imaging, allowing the same sample to be imaged 
multiple times under different conditions. Using this advantage, the present study thus paves the 
way for future investigations in which 18650 batteries may be studied before, during, and after 
aging cycles, in a so-called “4D” imaging experiment. This information forms a foundation for 
several such future imaging studies and illustrates the unique abilities of modern microscopy 
techniques to aid in the advancement of Li-ion battery research and development. 
3. Materials and Methods 
3.1. Materials Preparation 
Commercially sourced Panasonic NCR 18650-B cylindrical cells were used for the 
present study. These high energy density cells contain a nickel-cobalt-aluminum oxide (NCA) 
positive electrode and have demonstrated applications for mobile electronics and electric 
vehicles [42].  
 
3.2. X-Ray Microscopy 
X-ray microscopy (XRM) was used to non-destructively collect 3D volumetric data on 
the specimens and survey them before any dismantling. XRM, discussed extensively elsewhere 
[35,38,43-45], uses the X-ray computed tomography (CT) approach to collect 3D images of 
specimen interiors by collecting a series of projection X-ray radiographs at various viewing 
angles (achieved by rotating the specimen and exposing it to the X-ray beam). The resulting 
projection images were subsequently reconstructed using a Feldcamp-Davis-Kress (FDK) or 
filtered back projection (FBP) algorithm (the former for micron- to sub-micron imaging, and the 
latter for nano-scale imaging) [46], and the 3D datasets produced by this process were rendered 
and analyzed for porosity using ORS Visual Si Advanced (Object Research Systems, Montreal, 
QB, Canada) [38,44]. Further simulation studies were performed using GeoDict (Math2Market, 
Gmbh, Kaiserslautern, Germany) [47], which computed effective diffusivity [48,49], tortuosity 
[50], and, by means of morphological manipulation, a Bruggeman coefficient for the specimen 
under study.  
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Initial investigations were performed using a ZEISS Xradia 520 Versa X-ray microscope 
(Carl Zeiss X-ray Microscopy, Pleasanton, CA, USA), equipped with a 0.4× objective lens to 
provide a 3D isotropic voxel size of 22 µm across the entire imaging volume. This allowed the 
entire width of the 18650 cylindrical cell to be captured in a single field of view in ca. 1 hour, 
after which further imaging was performed along the vertical axis to cover the entire length of 
the cylindrical cell. The resulting five datasets were then stitched together using the automated 
stitching routine in the commercial XRM software, producing a 3D volume covering the 18650 
cell in its entirety. The 520 Versa submicron XRM system provides the capability to non-
destructively (i.e., without sectioning) isolate smaller regions of interest for higher-resolution 
analysis, due to a unique optics-based design [38]. This “Scout & Zoom” technique [38,43,51] 
was thus employed on the larger volume to non-destructively probe the inner structure of the 
battery, using a 4× objective lens magnification for a voxel size of 1.8 µm. 
 
3.3. Correlative Microscopy: Nano-XRM to SEM-EDS 
For further, higher resolution imaging, the specimens were dismantled and unrolled in an 
argon glove box, to verify the 3D imaging results and prepare isolated specimens for higher 
resolution analysis. The battery was discharged over a 5 Ω resistance for 2 days until the voltage 
read 0 V. A pipe cutter was used to open the steel casing and the interior spiral wound layers 
were carefully removed. After carefully unrolling the electrode layers, the negative electrode, 
positive electrode, and separator were isolated from each other, washed with dimethyl carbonate 
(DMC) to remove any residual electrolyte or Li salts, and then left to dry for several days [42].  
 
Subsequent imaging of the individual layers was carried out using several techniques, 
including submicron scale XRM, scanning electron microscopy (SEM), nanoscale XRM, 
focused-ion beam scanning electron microscopy (FIB-SEM), and energy dispersive spectroscopy 
(EDS). A 1 mm u 1 mm section was cut from the positive electrode foil using a razor blade, to 
prepare the specimen for correlative XRM-SEM imaging. The ZEISS Xradia 520 Versa XRM 
was used to image the electrode coupon with a 20× objective, providing a voxel size of 350 nm. 
The specimen was then transferred to the Zeiss Sigma FE-SEM, where magnification ranges 
from 100× to over 10k× where sequentially employed in order to probe the multi-scale nature of 
the microstructure. As a result of this analysis, the electrode samples were prepared for nano-
scale 3D imaging by trimming them to a point (using a fresh surgical razor blade) and peeling 
away the current collector from the region of interest in order to maximize X-ray throughput. 
Real-time optical inspection was used for this procedure, during which no large-scale defects 
were observed, thus it was concluded that the separation process did not affect the microstructure 
of the intended region of interest. A ZEISS Xradia 810 Ultra was then used to provide 3D images 
with 130 nm voxel resolution on the specimens, using a 5.4 keV quasi-monochromatic imaging 
system operating in absorption contrast mode [52]. Finally, the specimens were passed into the 
ZEISS Auriga FIB-SEM system outfitted with an Oxford Instruments X-MaxN 150 EDS 
spectrometer. Using the ZEISS Atlas 5 correlative software interface, a representative region of 
interest (ROI) was identified from the submicron XRM data and the FIB instructed to cross-
section at this location. High-resolution 2D SEM micrographs were collected in the identified 
ROI to visualize the nanoscale structure, and correlative EDS maps were collected with peaks fit 
around the Ni, Co, Al, and O edges to elucidate the specimen composition within a single 
secondary particle.  
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The present study utilized a variety of imaging techniques in order to complete the multi-
scale analysis. Table 1Table 1 summarizes the various imaging instruments applied to this study, 
including submicron XRM, nanoscale XRM, FE-SEM, and FIB-SEM, along with the 
corresponding voxel sizes for the 3D XRM measurements. 
 
Table 1. Listing of the various imaging techniques used in this study and the corresponding voxel size (3D XRM), pixel size (FIB-
SEM), or magnification (FE-SEM), as appropriate. 
Technique Voxel Size / Pixel Size / 
Magnification 
Submicron XRM – 520 Versa 22 µm 
Submicron XRM – 520 Versa 1.8 µm 
Submicron XRM – 520 Versa 0.35 µm 
FE-SEM – Sigma 100× - 10,000× 
Nanoscale XRM – 810 Ultra 0.13 µm 
FIB-SEM – Auriga 0.01 nm 
 
4. Results & Discussion 
The initial large-scale survey of the intact 18650 enabled an initial non-destructive 
inspection of the specimen to identify any large-scale features. Figure 1a shows the segmented 
3D reconstruction, in which the inner layers of the electrode assembly can be seen clearly against 
the steel casing, central mandrel, and crimp components. Using the non-destructive Scout & 
Zoom procedure of the submicron XRM instrument [38,43,51], a smaller region from the center 
was arbitrarily selected for higher resolution imaging. Adjusting the objective lenses to provide a 
voxel size of 1.8 µm, this higher resolution inspection enabled a more detailed view of the active 
layers within the packaged 18650 cell, the results of which are shown in Figure s 1b and 1c.  
 
The initial surveys with low-resolution XRM showed the general structure of the battery, 
enabling an initial observation of the cell assembly to be made. Different layers of the spiral 
wound cell were clearly distinguished from each other, helpful for general orientation in the 
higher-resolution investigation. This low-resolution approach is helpful for large-scale 
investigations, such as searching for bulk defects or inspecting the complex assembly within the 
top cap, but in the present study no such defects were located. Nevertheless, the information is 
very valuable in the role of establishing imaging protocols and is an important step in the initial 
imaging studyin the present study the large-volume overview allowed a completely non-
destructive view into the battery’s interior, which helped to establish a baseline as to whether or 
not there were obvious defects in the battery as manufactured.  
 
By continuing to higher resolution with non-destructive XRM, it was demonstrated that 
single-micron resolution may be routinely achieved inside these the specimenbattery casings., At 
this scale, the difference between electrode layers, such as active materials and current collecting 
foils, was achieved, and any smaller-scale defects may be observed. This has the important 
distinction of being completely non-invasive and may be performed without opening the housing 
of the battery. Thus, at this length scale, it may be possible to study the origin of microstructure 
defects as a function of charge cycling, thermal treatment, or other real-world conditions 
potentially leading to failure / capacity fade [19]. It also has the unique characteristic of 
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providing 3D information without disrupting the assembly, greatly reducing potential 
measurement errors associated with disassembly steps required for traditional computed 
tomography (micro-CT) and EM approaches. 
 
 
Figure 1. (a) A 3D image of the entire 18650 battery cell was collected over several fields of view, which were subsequently 
stitched together to produce this dataset. This X-ray micrograph reveals the spiral would cell architecture, inner mandrel, and 
cell safety devices. (b) Optically enlarging a smaller region from the center of the 18650 battery cell revealed finer details of the 
layers in the spiral winding, and examining the virtual slices allowed identification and inspection of the different layers. (c) The 
virtual slices were assembled into a 3D volume, rendered here for the purposes of visualization. The yellow layers represent the 
positive electrode and the magenta layers represent the negative electrode, each with their respective current collectors 
sandwiched between electrode layers. In these scans, it was not possible to distinguish the separator (presumed polymer) from 
negative electrode (presumed graphite), due to low-energy X-ray attenuation by the steel casing and metallic foils. 
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While XRM as an imaging technique is, by nature, non-destructive, the imaging results 
may be affected by artifacts introduced by specimens that are significantly larger (>10×) than the 
microscope’s field of view. In order to circumvent this issue, while also preparing specimens that 
were suitable for nano-scale XRM and FIB-SEM, the battery was opened, unrolled, and dried, to 
enable extraction of a much smaller specimen (With the 18650 cell dismantled and the different 
layers separated from each other, small specimens of ca. 1 mm × 1 mm )were physically 
extracted from the electrode layers. The positive electrode layer specimen was imaged in 3D 
using a voxel size of 350 nm on the submicron-scale XRM, sampling a large volume of material 
while preserving a voxel size small enough to capture the structural features within the layers. 
Results from this scan are shown in Figure 2a, where the particle assembly and bulk porosity 
were clearly observed. This result also showed several cracks and bulk defects, which were 
suspected to be introduced during the dismantling/unrolling. By applying a threshold-based 
segmentation to this dataset, the pore networks were virtually extracted and analyzed on a slice-
by-slice basis. Figure 2b shows the results of the slice-by-slice porosity analysis. Several 
oscillations were observed in the slice-wise analysis, which are believed to indicate the packing 
order of the particles, suggesting quasi-spherical particles of reasonably uniform size. These 
results indicated that the average porosity was ~9% for each layer of active material, which was 
lower than expectations for a percolating pore system – this was believed to point toward the 
need for higher resolution for accurate analysis, which was performed in subsequent 
experiments.  
 
 
Figure 2. (a) 3D volume rendering of the positive electrode layer, showing the particles, pores, and cracks/defects throughout the 
specimen thickness. b) Areal porosity computed for each virtual slice through the 3D volume, separated by the outer side (A) and 
inner side (B) of the rolled structure. Note that the slicewise analysis captured some regions near the current collector interface 
where nonuniformities in the current collector foil surface produced combined partial counts of current collector and electrode 
porosity. These are simply artifacts of the data analysis and can be seen as a multi-micron thick region of porosity gradient at 
each electrode-current collector interface. 
 
To check the specimen morphology with multi-scale resolution, SEM micrographs of the 
positive electrode specimen were collected at various magnifications through the submicron- and 
nano scales. Figure 3a shows a correlative XRM micrograph, while Figure 3b shows the results 
of increasing magnification on the SEM. The higher magnification micrographs revealed a fine 
structure to both the particles and pores, with particles ca. 5 µm in size and pores in the hundreds 
of nanometers. This suggested that higher XRM resolution was needed to accurately characterize 
the electrode specimen, which was subsequently performed using a nanoscale XRM.  
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 From the SEM micrographs, the multi-length scale nature of the specimen was clearly 
observed (as a 2D analog to prior studies, e.g. [36]). At low magnifications, the bulk particle 
assembly was visible, helpful for identifying “pristine” regions versus regions that showed 
defects. As the magnification was increased, the individual particles became clearer, as did the 
cracks between particles and pores visible along the surface of the material. Moving to the 
highest magnification on the SEM showed the bound primary particles making up the active 
particles, as well as the spacing between the primary particles.  
 
 
Figure 3. (a) X-ray micrograph to be used in the correlative microscopy workflow. (b) Increasing SEM magnification reveals a 
fine structure of the positive electrode material, which points toward the need for higher resolution for an accurate multi-scale 
3D characterization. At the length scale of submicron XRM, the particles and pores could be distinguished, but the complex 
microstructure of the particles themselves clearly requires nano-scale imaging. 
To probe the fine structure of the particles and pores, the sample was imaged in 3D using 
the higher resolution provided by the nanoscale XRM. The smaller voxel size of 130 nm allowed 
for pore-scale resolution to be achieved, additionally showing cracks within the single particles, 
as shown in Figure 4a. Some cracks were isolated within single particles and disconnected from 
the main pore network, while others were found to be connected to a percolation pathway. While 
the former likely represent fabrication defects within the particles, the latter produce longer 
electrochemically active surface areas and may represent sites where failures could ultimately 
nucleate [41]. By applying a segmentation to this dataset, the percolating pore pathways could be 
digitally separated from the isolated voids, as shown in Figure 4b, yielding a measurement of 
14.4% total porosity and 13.9% connected porosity. This represented a substantial increase in the 
porosity measurements by moving from submicron to nanoscale imaging resolution, which 
confirmed the need for nano-scale imaging in the 3D microstructure analysis. At this scale, 
however, still the aggregations of primary particles forming the active electrode clusters cannot 
be clearly distinguished; in order to achieve the spatial resolution needed for this 
characterization, a correlative microscopy technique bridging from XRM to SEM should be 
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employed.  
 
Figure 4. (a) Nano-scale XRM performed on the positive electrode layer show (b) some isolated voids within the particles, as 
well as cracks within the particles connecting to the pore network. (c) Pore size distribution performed on the nanoscale XRM 
results, confirming the nanoscale nature of much of the porosity. The pore sizes are reported based on the method of inscribing 
ellipsoids to a separated version of the segmented pore network, with larger connected networks split at the constriction points 
(pore throats).   
The nano-scale 3D XRM results were loaded into the GeoDICT software for further 
analysis using a variety of simulation routines. First, the percolating pore pathway was measured, 
illustrating a typical transport pathway within the pore network identified from this dataset. The 
pores were then analyzed for their 3D diameter distribution, as shown in Figure 4c. From this 
result, it was clear that many pores within this specimen existed in the nanoscale regime, further 
supporting the application of multi-scale analysis ranging into the nanoscale for these material 
systems.  
 
Next, a diffusion simulation [47-49] was performed in order to extract the effective 
diffusivity tensor and tortuosity in each of the three spatial dimensions, numerically describing 
the transport through the pore network. The solver was set up to simulate Laplacian diffusion 
(Kn << 1) on the pore network with periodic boundary conditions, constrained to impose a 
concentration of 1 mol/m3 at the inlet and 0 mol/m3 at the outlet. The results yielded a 3D 
rendering of the concentration gradient, as shown in Figure 5, as well as a numerical effective 
diffusivity tensor, as presented in Table 2Table 2. These results were then arithmetically 
converted to tortuosity in each direction using the simulation software, the results of which are 
shown in Table 3Table 3. 
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Figure 5. Concentration gradients shown in 3D based on effective diffusivity simulations within the pore network. The 
diffusivities are shown as performed in the (a) X-, (b) Y-, and (c) Z-directions. 
Table 2. Effective diffusivity for the nano-scale XRM volume, based on numerical simulation. 
 X Y Z 
X 2.47 0.09 -0.06 
Y 0.09 2.55 0.03 
Z -0.06 0.03 2.30 
 
Table 3. Directional tortuosities from the effective diffusivity simulation. 
Tortuosity (X) 2.38 
Tortuosity (Y) 2.34 
Tortuosity (Z) 2.46 
 
Following the image analysis, the behavior of the pore network with Li+ intercalation was 
explored based on simulated changes to the active particles. In its operating conditions (i.e., 
charging & discharging), the active particles expand as Li+ intercalate and contract as the ions 
diffuse back out of the particles. This expansion process may be simulated in virtual space by use 
of a morphological dilation operation, which causes a 3D expansion of a virtual material by a 
specified number of voxels in all three dimensions. Using the binarized, segmented dataset to 
seed a model of the particle assembly, a dilation operation with kernel size of 1 voxel (130 nm) 
was applied in a sequential manner. The particle dilation caused a corresponding reduction in the 
pore volume, and the effective diffusivity / tortuosity was calculated after each dilation step. This 
resulted in a change in 3D concentration gradient, as illustrated in Figure 6. As observed in the 
nano-XRM data (e.g., Figure 4a), the particle sizes for the NCA material range from ca. 5-15 
µm; thus, a single-voxel dilation of 130 nm corresponds to a particle expansion on the order of 
~1%. This is in agreement with previously-reported lattice expansions of ~1% in a typical 
discharge cycle of an NCA-based Li-ion 18650 battery [53]. Thus, it was concluded that single-
voxel dilations were a reasonable approach for simulating the microstructure’s response to a 
discharge process.   
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Figure 6. Sequential particle dilation and corresponding change in 3D concentration gradient due to the change in effective 
diffusivity. (a) Initial data; (b) after 1 voxel dilation (130 nm); (c) after 2 voxels dilation (260 nm); (d) after 3 voxels dilation (390 
nm). The Z direction only is shown here for the purposes of illustration. 
Examining the decrease in porosity and relating the new porosity to the new tortuosity 
after each step permitted examination of the relationship between the two quantities for this 
specimen. By performing this analysis in all three directions, a tortuosity vs. porosity plot was 
ascertained, as shown in Figure 7. This was accomplished by fitting the data to the well-
established power law relationship: 
      
where W is the tortuosity, H the porosity, and E the Bruggeman exponent [54,55][53,54]. While 
the value of E is commonly-assumed to be 0.5, recently this relationship has come under scrutiny 
due to the various limitations inherent in its definition [15,56,57][15,55,56]. An assumption of 
0.5 as the value for E introduces additional assumptions about the homogeneity of 
microstructure, when, in practice, the microstructure of a typical battery electrode is highly 
inhomogeneous [41,57][41,56]. Thus, it is perhaps unsurprising that the fitted values for the 
Bruggeman exponent in each of the three spatial directions (X, Y, and Z) deviates from 0.5, as 
summarized numerically in Table 4Table 4.  
 
It should be noted that, in a real-world battery, the particles would expand and potentially 
introduce internal stresses that could cause the particles to migrate away from each other. In the 
model presented here, the simulation does not account for particle motion and simply “fuses” 
particles together when the dilation introduces overlap. Thus, this approach represents a 
simplistic view into the microstructure evolution processes and is intended to introduce the 
concept of geometrical simulations on 3D data. There is ample room to make the simulation 
approach more sophisticated to account for the real-world effects that occur during discharge, but 
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a full treatment of such processes is beyond the scope of the present investigation and, instead, 
reserved for future work.  
 
 
Figure 7. Relationship of tortuosity to total porosity for the X, Y, and Z directions of simulated diffusion. 
Table 4. Bruggeman exponent quantified for the positive electrode extracted from the 18650 and imaged with nanoscale XRM. 
Direction Bruggeman Exponent 
X 0.81 
Y 0.90 
Z 0.78 
 
 While the SEM data helped illustrated the multi-scale nature of the material, the studies 
were intrinsically limited to 2D information, which prevented any studies of 3D porosity without 
the use of destructive serial-sectioning. The use of nano-scale XRM addressed that issue by non-
destructively revealing the inter-particle pore network, as well as sub-particle defects (e.g. voids 
that were not connected to the outside). Separating the connected and disconnected pores 
allowed the extraction of an ionic transport pathway, which was essential for performing a 
diffusion simulation along the pore pathways to obtain the 3D tortuosity values [41]. Examining 
the effective diffusivity results, the off-diagonal tensor elements were insignificant compared to 
the diagonals, which indicates a negligible interaction between the directions of tortuosity. Thus, 
it was concluded that the transport pathway was spatially isotropic. This is more clearly shown 
by the tortuosity numbers, which exhibited minimal variations between the x-, y-, and z 
directions. The isotropy of tortuosity further suggested the quasi-spherical nature of the electrode 
particles [55][54], yielding additional information about the manufacturing and corresponding 
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function of the cell. The deviation of the calculated Bruggeman exponent from the assumed 
value of 0.5 indicate a polydispersity in the particle size distribution [56][55] and a value of ~0.8 
is within the range of what may be expected from a commercial battery material when the 
complexity of tortuosity is considered [58][57].  
 
In order to extend these investigations to an even finer length scale, the specimen was 
placed into a ZEISS Auriga FIB-SEM, which allows targeted regions of interest to be examined 
through focused ion beam cross-sectioning and SEM imaging of the region of interest. The XRM 
data was imported into the correlative microscopy workspace of Atlas 5 (Fibics, Inc., Ottawa, 
ON, Canada) and overlaid on an SEM micrograph of the top surface. Using a manually-assisted 
image registration routine, the datasets were aligned to each other to co-register the X-ray and 
electron microscopy images. A representative region of interest was visually identified within the 
XRM volume, which appeared to accurately depict the general specimen microstructure. This 
region of interest was selected below the surface of the specimen to reduce the influence of any 
surface cracks and was chosen to contained a particle-particle boundary as well as substantial 
greyscale texturing. This region was cross-sectioned with the FIB and imaged with the SEM, the 
results are shown in Figure 8. Using an Oxford Instruments XMaxN-150 energy dispersive X-ray 
spectrometer (EDS), the local chemistry was mapped and fit to a composition of Ni-Co-Al-O, 
which was correlated to the SEM micrograph in Figure 8.  
 
 
Figure 8. (left) SEM micrograph of the targeted region of interest, identified via correlative microscopy with XRM. The results 
show several microstructural features, such as cracks, voids, and a particle boundary. (Right) Corresponding EDS map for this 
region, revealing the spatial distribution of the Ni, Co, Al, and O elements (and their corresponding weight percentages).  
Extending the SEM-XRM investigations to the ~10 nm length scale with targeted 
(correlative) FIB cross-sectioning demonstrated a novel approach to microstructure evaluation. 
While the XRM results provided sufficient resolution to identify many of the pores, from this 
correlative study it was clear that there was an additional length scale of information that could 
not be captured by XRM alone. By mapping out the local chemistry, it was observed that the 
particle under observation contained a typical NCA composition in a uniform blend, which 
allows the single particles to be treated as uniform compounds in future simulations (e.g., 
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electrical, ionic, and thermal conductivity). The correlative approach using the Atlas 5 interface 
was critical for making this successful, as it required the XRM data for FIB guidance and 
navigation to a representative region of interest. Furthermore, this allows the SEM and EDS data 
to be easily populated back into the XRM data, for a more robust, integrated multi-scale 
representation of the specimen microstructure. The results of all techniques, when put together 
into a multi-scale, correlative analysis procedure as in the present study, are summarized in Table 
5Table 5. 
 
Table 5. Summary of relevant data produced by each technique in the multi-scale correlative study. 
Technique Length Scale Data Output 
Submicron XRM – 520 Versa 10s-100s µm x Defect mapping 
x ROI identification 
Submicron XRM – 520 Versa 1-10 µm x Layer identification 
x Defect isolation 
Submicron XRM – 520 Versa 0.7 µm x Bulk porosity 
x Particle-scale 
information 
FE-SEM – Sigma 10 nm – 10 µm x Multi-scale 2D analysis 
of large areas 
Nanoscale XRM – 810 Ultra 150 nm – 10s µm x Porosity 
x Pore size distribution 
x Tortuosity / effective 
diffusivity 
FIB-SEM-EDS – Auriga 10 nm x High-resolution 2D/3D 
analysis 
x Targeted chemical 
analysis 
 
Further work combining XRM, SEM, and FIB-SEM-EDS results with other techniques, 
such as electrochemical impedance spectroscopy (EIS) and thermal imaging, is thus within the 
realm of possibility. Combining imaging and simulation results with those from analytical 
approaches could help explain, for example, the exact cause of capacity fade, the reactions of 
cells to extreme (e.g., high temperature) environments, and, more generally, the origins of 
failure. Furthermore, using the non-destructive nature of X-ray imaging, future studies may focus 
on the evolution of Li-ion battery microstructures at the relevant length scale(s) of interest, 
probing, for example, the response of the structures to aging, impact, or thermal treatment. 
5. Conclusion 
 A commercial 18650 Li-ion battery has been examined across several length scales, in 
both 2D and 3D, utilizing scanning-electron and X-ray microscopy, coupled with focused ion 
beam milling and energy dispersive X-ray spectroscopy. The battery was initially surveyed with 
low spatial resolution in 3D, which revealed the bulk assembly and allowed for the identification 
of any large-scale defects. A non-destructive optical magnification was then employed with the 
XRM system, showing the finer details within the active layers. Depackaging and imaging the 
battery with both 2D SEM and 3D XRM showed features across the micron- to nanometer 
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scales, which was applied to both the positive electrode and negative electrode layers 
individually. Small sections of both the positive electrode and negative electrode were extracted 
for nano-scale XRM, revealing the fine nature of the pores and a separation between connected 
(transport) and disconnected (isolated) porosity. Through image segmentation and model 
generation, a simulation approach was used to compute the effective diffusion coefficient and 
tortuosity in each direction. Correlative microscopy from XRM to FIB-SEM-EDS revealed the 
nano-scale structure as well as the local composition of the electrode.  
 
The results of this study highlight the different types of information achievable at each 
length scale and correlative microscopy is demonstrated as a viable means to present a detailed 
description of the chemistry and structure cell materials from the nm to mm. Using a 
combination of imaging modalities in both 2D and 3D paired with modeling and simulation 
approaches enables unique insight into battery cell geometry and electrode structure, providing a 
novel characterization framework for commercial battery products. 
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Figure 1. (a) A 3D image of the entire 18650 battery cell was collected over several fields of 
view, which were subsequently stitched together to produce this dataset. This X-ray micrograph 
reveals the spiral would cell architecture, inner mandrel, and cell safety devices. (b) Optically 
enlarging a smaller region from the center of the 18650 battery cell revealed finer details of the 
layers in the spiral winding, and examining the virtual slices allowed identification and 
inspection of the different layers. (c) The virtual slices were assembled into a 3D volume, 
rendered here for the purposes of visualization. The yellow layers represent the positive 
electrode and the magenta layers represent the negative electrode, each with their respective 
current collectors sandwiched between electrode layers. In these scans, it was not possible to 
distinguish the separator (presumed polymer) from negative electrode (presumed graphite), 
due to low-energy X-ray attenuation by the steel casing and metallic foils. 
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Figure 2. (a) 3D volume rendering of the positive electrode layer, showing the particles, pores, 
and cracks/defects throughout the specimen thickness. b) Areal porosity computed for each 
virtual slice through the 3D volume, separated by the outer side (A) and inner side (B) of the 
rolled structure. Note that the slicewise analysis captured some regions near the current 
collector interface where nonuniformities in the current collector foil surface produced 
combined partial counts of current collector and electrode porosity. These are simply artifacts 
of the data analysis and can be seen as a multi-micron thick region of porosity gradient at each 
electrode-current collector interface. 
  
Figure 3. (a) X-ray micrograph to be used in the correlative microscopy workflow. (b) Increasing 
SEM magnification reveals a fine structure of the positive electrode material, which points 
toward the need for higher resolution for an accurate multi-scale 3D characterization. At the 
length scale of submicron XRM, the particles and pores could be distinguished, but the complex 
microstructure of the particles themselves clearly requires nano-scale imaging. 
  
Figure 4. (a) Nano-scale XRM performed on the positive electrode layer show (b) some isolated 
voids within the particles, as well as cracks within the particles connecting to the pore network. 
(c) Pore size distribution performed on the nanoscale XRM results, confirming the nanoscale 
nature of much of the porosity. The pore sizes are reported based on the method of inscribing 
ellipsoids to a separated version of the segmented pore network, with larger connected 
networks split at the constriction points (pore throats).   
  
Figure 5. Concentration gradients shown in 3D based on effective diffusivity simulations within 
the pore network. The diffusivities are shown as performed in the (a) X-, (b) Y-, and (c) Z-
directions. 
  
Figure 6. Sequential particle dilation and corresponding change in 3D concentration gradient 
due to the change in effective diffusivity. (a) Initial data; (b) after 1 voxel dilation (130 nm); (c) 
after 2 voxels dilation (260 nm); (d) after 3 voxels dilation (390 nm). The Z direction only is 
shown here for the purposes of illustration. 
  
Figure 7. Relationship of tortuosity to total porosity for the X, Y, and Z directions of simulated 
diffusion. 
  
Figure 8. (left) SEM micrograph of the targeted region of interest, identified via correlative 
microscopy with XRM. The results show several microstructural features, such as cracks, voids, 
and a particle boundary. (Right) Corresponding EDS map for this region, revealing the spatial 
distribution of the Ni, Co, Al, and O elements (and their corresponding weight percentages).  
  
Table 1. Listing of the various imaging techniques used in this study and the corresponding 
voxel size (3D XRM), pixel size (FIB-SEM), or magnification (FE-SEM), as appropriate. 
  
Table 2. Effective diffusivity for the nano-scale XRM volume, based on numerical simulation. 
  
Table 3. Directional tortuosities from the effective diffusivity simulation. 
  
Table 4. Bruggeman exponent quantified for the positive electrode extracted from the 18650 
and imaged with nanoscale XRM. 
  
Table 5. Summary of relevant data produced by each technique in the multi-scale correlative 
study. 
 
